The paper suggests application of an experimental method for the assessment of the dynamic effect of a locomotive underframe on the railway track. The assessment is to be based on spectral analysis of the response of structural elements of the railway track undergoing a shock pulse. Application of digital measuring systems for monitoring of motion of the train is also proposed.
Introductions
A railway track is a subsystem of the railway transport infrastructure, including track super structure, roadbed; drainage, anti-deformation, protective and strengthening structures of the roadbed located in the right-of-way, as well as other engineering structures (Kaewunruen and Remennikov, 2007) . The state of the track depends on the continuity and safety of the rolling stock movement as well as the effective use of technical facilities of the railways (Knothe and Grassie, 1993; Liang and Zhu, 2001 ). Under conditions of constant exposure to natural and anthropogenic factors, the track takes heavy loads from the passing trains. In this case, all the track elements in terms of reliability, durability and stability must ensure a safe and smooth movement of trains with the greatest loads from sets of wheels of the rolling stock on rails and with maximum movement speeds, and have sufficient reserves (Smutny, 2004) . During operation of the railway structures, it is necessary to consider their ability to maintain the initial parameters after exposure to natural and man-induced impacts. The nature of these effects is determined by the impact of various factors, including the level of vibrations occurring during rolling stock motion. Vibration actions have a significant impact on the railway track state (Wu and Thompson, 2004) . The causes of their occurrence are as follows:
• Moving loads (quasi-static excitation), i.e. deflection of the track and supporting system along with movement of the train. On a fixed point on the rail-track, the fluctuating loads cause the occurrence of flexural waves both in the rails and in the surrounding soil. The mechanism of this excitation is not yet known in details (including the influence of boundary conditions, dissimilarity of the track and ground on wave propagation) (Abdelkrim et al., 2003) . If a high-speed train is moving along the track laid on a soft ground, the speed of its movement can exceed the speed of propagation of the surface (Rayleigh) wave in the ground. This creates high level vibrations just like flight of a supersonic aircraft is accompanied by sonic boom. Above all, such vibration has an effect not only on the state of the track as a whole, but on its components individually (Alves Costa et al., 2010) . To solve this problem, the ballast layer of the rail-track is placed on a compacted soil or concrete slabs with pile foundation, which reaches more dense soil layers . If the rail-track is laid in a tunnel, its lining and arch invert provides a rigid base reducing the vibration level propagating in the surrounding soil.
• Roughness of the surface of wheels and rails. Random roughness in the area of the rail contact with the wheel causes excitation of the entire rolling stock-rail-track system (Bodare, 2009) . Such roughness occurs primarily in the manufacturing process, so during inspection, it is necessary to control and test the state of the track and wheels. However, it cannot prevent the occurrence of roughness in the process of operation.
• Parametric excitation. If the rail support has a discrete structure of cross-sleepers, the elastic supports above the concrete basis (as opposed to the rails embedded in concrete) and the wheel while running on the rail "feel" the change in the support stiffness. Variable elastic forces create vibrations of the wheel and rail at a frequency that depends on the speed of the rolling stock and spatial discreteness of the support. Other discreteness (and excitation frequencies corresponding to it) is characterized by the distance between the wheelsets and bogies (Choi, 2013a,b) . If the excitation frequencies coincide with the natural frequencies of the railway track, the vibrations of the track and surrounding soil can be quite considerable • Wheel (rail) defects. In addition to the roughness on the surface of wheels and rails, there can be also observed rough defects occurring during rail-track operation. The major defects are associated with the presence of wheel flats and corrugations of the rails. Moreover, the wheels are subjected to such defects as out-of-roundness, out-of-balance and eccentricity (Choi et al., 2011a,b) . In the course of time, the defects accumulate, especially if the track is not provided with a timely and proper technical care and maintenance.
• Discontinuities in the running surface of rails (in track switches, rail joints, etc.) causing the occurrence of bumps. If length of the joint or welded rails is equal to the distance between the carriage bogies, the vibration level may be increased significantly.
• Suspension of the rolling stock.
• Random or periodic changes in hardness of the rail running surface due to defects in workmanship or (more likely) resulting from the ageing process of the rail-track.
• Loads in the transverse direction, particularly during motion of the rolling stock along a curved track of small radius, or when passing turnouts.
• Changing the mode of motion. Acceleration or deceleration of the rolling stock is accompanied by the occurrence of variable forces and oscillations.
• External factors. For example, temperature and humidity of the rail head influence its wear and tear and, consequently, result in vibration occurrence Remennikov, 2006a,b, 2007a,b) .
The vibration level due to the above reasons depends on the input impedances (resistance of the medium to spread mechanical vibrations) of the rail head and wheel rim in the area of their contact. The value of the input impedance of the rail head is determined by the track superstructure, its basis as well as characteristics of the surrounding soil (Li et al., 2009; Li and Berggren, 2010 ).
Materials and methods
The wheel output impedance essentially depends on the unsprung mass of the locomotive underframe. However, total mass of the locomotive underframe together with the load is also very important for the rigid suspension (due to structural features of the damper and its behavior at high frequencies).
Given the above, to increase the level of safety of railway operation, it is necessary to apply progressive methods of diagnostics and monitoring aimed at the assessment of the vibration level occurring during operation and of the current status of all elements of the railway track. The need and urgency of implementing innovative systems and means of diagnostics and monitoring of the railway facility are reflected in Programs for the development of railway system until 2020 in the Republic of Kazakhstan.
Based on the study of dynamic processes occurring in strategic facilities (Clark, 2004) , in particular in the railway track superstructure, it is suggested to carry out a comprehensive monitoring of the railway track system.
The monitoring system allows establishing a permanent instrumental control over the railway track state for a long period. In addition, it is possible to carry out an objective assessment of the impact of structural features of the track elements (rails, fasteners, cross-sleepers, etc.) on the level of vibrations occurring during notion of the rolling stock and take the best optimum decisions in the design of new and improvement of the existing track systems (Hall, 2002) . The monitoring system includes standards (requirements for the arrangement and maintenance of the track superstructure by taking into account the operating conditions), controlled parameters, means of monitoring and measurement modes, assessment of the maximum permissible thresholds and tolerances.
The monitoring system has been developed using a mobile vibration-measuring equipment. The system consists of vibration sensors MV-25D-B which convert mechanical vibrations into electric signal. Transformation of an analog signal into a digital form is carried out within the electronic unit of the analog-to-digital converter (ADC manufactured by "L-CARD" Co., model E-14-440). Collection of digital data from ADC and common measurements control is implemented by means of a special software for PC. A general view to the mobile vibrationmeasuring system is shown in Fig. 2 . All the measurement tools included in the mobile vibrationmeasuring facility are certified and calibrated. The operation of the system is powered by a rechargeable battery (Hamet, 1999) .
The following may be referred to the main advantages of the mobile vibration-measuring system: (i) the modular principle of the system configuration with universal power supply; (ii) application of vibration sensors with high sensitivity in a wide range of frequencies and impact amplitudes; 
where K n is the sensor transformation coefficient. The vibration sensors are preliminarily calibrated on vibration table ESE 201 to determine the transformation coefficients. The transition from the time to frequency domain is carried out using the direct Fourier transformation
In order to obtain the amplitude-time dependence of the vibrational displacement (oscillograms), it is necessary to integrate the function v n (Fig. 3) . For this, let us use the property of the direct Fourier transformation (DFT)
where F is DFT of the function F with respect to V k (Fig. 4) . Then, by the inverse of Fourier transformation (IFT), we obtain (Fig. 5 ) where ∆f = 1/T (signal sampling by frequency), f k = ∆f k . Figure 6 shows the oscillogram spectrum obtained on the rail base during passage of locomotive VL80. Let us make IFT to return to the time domain Hence, we obtain the amplitude-time dependence of the vibrational displacement on time (Fig. 7) . For obtaining of amplitude-time dependence of vibrational accelerations (accelerograms), it is necessary to differentiate v n and consider elimniation of distortion of the sensor transformation coefficient in the frequency domain over 1000 Hz. For differentiation, let us again make use of DFT property represented by expression (2.3), and use Butterworth filter for the elimination of distortion in the low frequencies domain
where H k is Butterworth filter
where (f H , f B ) is the range of frequencies passing through the filter; p is the filter order. Butterworth filter characteristics are given in Fig. 8 . For the obtained amplitude A k (Fig. 7) let us make IFT. As a result, Eq. (2.7), we obtain the amplitude-time dependence of vibrational accelerations filtered in the low frequency domain in the following form
For the assessment of data acquired during diagnostics and monitoring, the author of this paper has developed a package of application software for data processing and visualization based on Mathsoft Engineering & Education Inc. "MATHCAD" products.
The procedure is developed for diagnostics of the track superstructure and then given are the results of its testing and adaptation to track sections with intermediate rail fastenings FOSSLOH, ZHBR-65SHD, ZHBR-65, KZF-07.
The diagnostic technique is based on spectrum analysis of the track superstructure elements to the impact force. Excitation of free vibrations is carried out by a mechanical shock to the rail using a hammer. The use of rubber in the impact device is explained by impermissibility of the rail running surface damage (Kumaran et al., 2003) .
The modulus of spectrum density of the response to the impact force is determined by
where |S(f )| is the modulus of spectrum of the impact force impulse F (t), |M (f )| is the modulus of the amplitude-frequency characteristic of the track superstructure element under investigation. During selection of the optimal parameter of the impact system, the following function is taken as the impact force impulse according to Hertz theory
10)
The modulus of spectrum density has the following form
where S 0 is the initial amplitude of vibrations of the track superstructure under the impact force (2.10), τ is the impulse length of collision of the impact system with the object, which in the first approximation is determined according to Hertz impact theory, i.e.:
(2.12)
where E 1 , E 2 and µ 1 , µ 2 are Young's moduli and Poisson's ratios of the hammer and rail steel material, respectively, R is radius of the contact surface of the impact system, V 0 is linear velocity of the hammer, M is reduced mass of the colliding bodies equal to
where m 1 and m 2 are masses of the hammer and railway track structure, respectively. In addition to the optimal choice of value τ , the external energy delivered to the monitored object must be sufficient for excitation of normal bending vibrations in the track superstructure on the fundamental mode. The initial amplitude of these vibrations S 0 must be such as to give possibility to carry out qualitative spectrum analysis of recordable responses of the impact force (S 0 > 10ζ) at a prescribed sensitivity of the receiving vibratory sensor ζ. The initial amplitude of vibrations is determined by the formula
where F is the initial force impulse, f 0 is the frequency of the first bending mode of the railway track, m = m 1 + m 2 . The sensors layout depends on the priority task of research and may vary during diagnostics in very wide ranges. Figure 9 gives an example of the sensors positioning during diagnostics of the track superstructure. The following parameters are measured and analyzed during execution of diagnostics:
(i) frequencies corresponding to the modes of bending vibrations of the track superstructure f i (determined by spectra of responses obtained on different elements of the railway track);
(ii) logarithmic decrement to be determined on the basis of connection between the logarithmic decrement and width of the spectrum line
where d i , ∆f i , f i is the logarithmic decrement, width of the spectrum line, frequency of vibration modes of interest;
(iii) dynamic response factor β i is determined on the basis of the formula
where f v is the impact frequency;
(iv) Q factor of the track superstructure on the vibration modes of interest is determined by the formula
(v) speed of the rolling stock at which resonance phenomena occur, and which are determined based on the dependence of the impact frequency f v on the rolling stock speed v and the parameters of vibration excitation l v
Experimental results and discussion
In the paper, the topical issues of an experimental method for the assessment of dynamic impact of the locomotive body on the track is studied. The proposed method is based on spectral analysis of the railway track structural element responses to the impact impulse and monitoring of train motion with the use of digital measuring equipment.
To increase the level of safety of railway operation, the authors elaborated progressive methods of diagnostics and monitoring and introduced special engineering and technical measures to examine the impact of vibrations occurring during motion of the train on the current state of all railway track elements. Figure 7 presents a structural diagram of data visualization of the railway track monitoring and the processing program.
The monitoring of trains movement along the studied track structure has been conducted for 6-15 days (depending on the loading level). It included the following ((Liang and Zhu, 2001):
• recording of dynamic processes in the railway track elements at different characters of the rolling load;
• determination of contact conditions between the track superstructure elements (rail-rail fastening, rail fastening-cross sleeper, cross sleeper-ballast section) using the vibroacoustic method (Fig. 10) ; • determination of normal (resonance) frequencies and damping properties of elements of the railway track (Fig. 11) ; • forecasting of the rolling stock speed at which resonance phenomena occurred (Fig. 12) ;
• determination of impact conditions of the locomotive underframe on the track (Figs. 13  and 14 ).
Conclusions
Conducting a complex monitoring of the railway track allows one to carry out an objective assessment of the condition of track elements (different types of rail fastenings Table 1 , various ballast fineness) on the level of vibrations occurring during motion of the rolling stock. It enables 
